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Brain microvessel endothelial cells (BMEC) form a metabolic and physical barrier separating the periphery from the brain to maintain cerebral homeostasis (5, 28) . The lack of fenestrations and presence of tight junctional (TJ) complexes differentiate BMECs from peripheral microvascular endothelium. Whereas adherens junctions and other junctional proteins contribute to cell-to-cell contacts in the paracellular cleft, TJ complexes are critical for restricting paracellular diffusion in the cerebral microvasculature (4, 13, 55) .
TJs are complexes of plasma membrane proteins that connect to the cytoarchitecture via membraneassociated accessory proteins (49) . Claudins and occludin are integral transmembrane proteins, which interact with plasma membranes of adjacent cells forming the TJ barrier (63, 65) . Cytoplasmic TJ accessory proteins [e.g., zonula occluden (ZO)-1, ZO-3, and cingulin] connect TJs to the cytoskeleton (i.e., actin) (8, 33) . ZO-1 and ZO-2 are membrane-associated guanylate kinase proteins critical in forming and stabilizing TJs by binding occludin to the cytoarchitecture (33, 36) . Figure 1 is a schematic of BMEC TJ complexes. Although TJ complexes have been identified, little is known about alterations in these proteins under pathological insult, i.e., hypoxia and reoxygenation conditions. Hypoxia and reoxygenation alter actin distribution (12) . Cellular mechanisms induced by these changes in oxygen levels leading to increased permeability, changes in TJ complexes, and cytoarchitecture need to be investigated. During ischemic stroke with reduced perfusion, hypoglycemia and hypoxia result in energy depletion (62) , ion imbalance, and release of cellular mediators (38, 53) that may lead to cell injury or death (38) . Recent attention has been given to investigating cellular mechanisms affected by ischemia (1, 44) . Whereas hypoxia-aglycemia has been shown to induce increased BMEC permeability via calcium-dependent pathways (1), the effects on TJ complexes are not well defined. Additionally, reoxygenation effects on intracellular mechanisms involved in altering BMEC permeability remain largely unknown.
This study used a well-characterized model of the BBB, bovine BMEC (BBMEC), to examine the relationship between functional and molecular alterations in cerebral microvasculature induced by hypoxia and posthypoxic reoxygenation.
MATERIALS AND METHODS

Materials.
Transwell polyester membrane inserts, minimal essential medium, Ham's F-12 medium, and Permanox tissue culture slide chambers were purchased from Fisher (St. Louis, MO). Bovine fibronectin, bovine serum albumin, 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide (MTT), and equine serum were purchased from Sigma (St. Louis, MO). Rat tail collagen (type I) was purchased from Collaborative Biomedical Products (Medford, MA). Bicinchoninic acid protein assay kit was purchased from Pierce (Indianapolis, IN). All other nutrients, salts, and antibiotics used in culture media or assay buffers were of cell culture quality from Sigma. Epithelial voltohmmeter and STX-2 "chopstick" electrodes were purchased from World Precision Instruments (Sarasota, FL).
Antibodies. Rabbit polyclonal anti-ZO-1, anti-ZO-2, antioccludin, and anti-claudin-1 antibodies documented to react with human, mouse, rat, and dog were purchased from Zymed Laboratories (San Francisco, CA). Anti-ZO-1 is directed against amino acids 463-1109 of human ZO-1 cDNA.
Anti-ZO-2 recognizes the central portion of the protein and has some cross-reactivity with unidentified proteins in the 50-to 85-kDa region. Anti-occludin is directed against the COOH-terminal 150 amino acids of human occludin. The anti-claudin-1 antibody recognizes the COOH-terminus region of the protein. Mouse monoclonal antibody (Sigma) directed against the COOH-terminus of actin (clone AC-40) reacts with human, bovine, chicken, dog, rat, and mouse species. Anti-mouse IgG and anti-rabbit IgG horseradish peroxidase-conjugated secondary antibodies were purchased from Amersham (Buckinghamshire, UK).
Isolation and culturing of BBMECs. Fresh bovine brains were obtained from the University of Arizona Animal Services for use as an in vitro BBB model. Primary BBMECs were collected from gray matter of bovine cerebral cortexes with the use of enzymatic digestion and centrifugal separation methods previously described (48) . BBMECs were seeded (50,000 cells/cm 2 ) on collagen-coated, fibronectintreated 75-cm 2 tissue culture flasks or 12-well Transwell polyester membrane inserts (0.4 m pore/12 mm diameter). Culture media was composed of 45% minimum essential medium, 45% Ham's F-12 nutrient mix, 10 mM HEPES, 13 mM NaHCO 3, 50 g/ml gentamicin, 10% equine serum, 2.5 g/ml amphotericin B, and 100 g/ml heparin sodium. Cell cultures were grown in a humidified 37°C incubator with 95% room air-5% CO2, and culture medium was replaced every other day until the BBMEC monolayers reached confluency (11-13 days).
Hypoxia-reoxygenation treatment. Several studies (19, 61 ) that examined the effects of hypoxia have used 95% N2-5% CO2 mixtures to reduce atmospheric O2, whereas others have used 100% N2 (12, 31) . In this study, a hypoxic workstation (Coy Laboratories; Grass Lake, MI) was infused with 1% O2-99% N2 to treat confluent BBMEC monolayers for 24 h at 37°C. After 24-h hypoxia treatment, monolayers were used in permeability experiments or immunofluorescence studies, or protein was harvested for Western blot analyses. Alternatively, after exposure to hypoxic conditions, BBMEC monolayers were reoxygenated in 95% room air-5% CO2 at 37°C for 2 h, followed by permeability, Western blot, or immunofluorescent microscopy experiments. Changes in permeability, protein expression, or localization patterns after these treatment protocols were compared with control monolayers incubated for 24 h at 37°C in 95% room air-5% CO2 (normoxic conditions).
Gas analysis of cell culture medium. Gas values [pH, PCO2 (mmHg), PO2 (mmHg), and bicarbonate (mmol/l)] were measured in cell culture medium after exposure of BBMEC monolayers to normoxic (control), hypoxic, or posthypoxic reoxygenation conditions using a blood gas analyzer (model ABL-505 Radiometer; Copenhagen, Denmark).
Cytotoxicity study of BBMECs after hypoxia-reoxygenation. Viability of BBMECs after exposure to normoxia, hypoxia, or hypoxia with reoxygenation was assessed using the MTT cytotoxicity assay (27) . Confluent BBMEC monolayers were exposed to normoxic, hypoxic, or hypoxic with reoxygenation conditions. The culture medium was removed and cells were rinsed with phosphate-buffered saline (PBS). The cells were incubated with 5 mg/ml of MTT for 2 h at 37°C. Excess MTT was removed and cells were rinsed with PBS before solubilizing in a 50:50 mixture of dimethyl formamide and 20% (wt/vol) sodium dodecyl sulfate (pH 4.7). Absorbance readings were taken at 550 nm using a Labsystems Microplate Reader (Fisher; Tustin, CA). Viability was expressed as a percentage of control cells exposed to normoxic conditions. BBMEC monolayer permeability experiments. BBMEC monolayer integrity was assessed by transendothelial electrical resistance (TEER) measurements. Those monolayers with resistance values Ͼ120 ⍀ ⅐ cm 2 were used to assess the permeability effects of hypoxia and reoxygenation on BBMEC monolayers. The passage of [ 14 C]sucrose (a paracellular marker) across the BBMEC monolayer was employed because this method is more sensitive for detecting small changes in permeability compared with TEER measurements (20) .
After treatment, confluent BBMEC monolayers were incubated with assay buffer composed of (in mM) 122 NaCl, 3 KCl, 1.4 CaCl2, 1.2 MgSO4, 25 NaHCO3, 10 HEPES, 10 glucose, and 0.5 K2HPO4 for 30 min at 37°C under the same gas conditions. Permeability across BBMEC monolayers was determined by adding [ 14 C]sucrose (0.5 Ci) to the lumenal side (upper compartment of Transwell). Samples (50 l) were removed from the ablumenal side (lower chamber of Transwell) at 0, 60, and 120 min and replaced with fresh assay buffer. The concentration of [ 14 C]sucrose applied to the lumenal side was determined by removing samples (50 l) at time zero and replacing with fresh assay buffer and [
14 C]sucrose. The amount of radioactivity in the samples from permeability studies was determined by using a Beckman LS5000 TD beta counter. Permeability coefficients (PC) for [ 14 C]sucrose were expressed in the following equation as previously described (15) 
where V is volume in receiver chamber (1.5 cm 3 ), SA is surface area of cell monolayer (1 cm 2 ), Cd is the concentration of marker in the donor chamber at time 0, and Cr is the concentration of marker in the receiver at sample time T.
Western blot protein analysis. After being treated with hypoxia, hypoxia-reoxygenation, or normoxic (control) conditions, protein was isolated from confluent BBMEC monolayers using the TRI reagent protocol (Sigma). Briefly, protein was separated from RNA and DNA by chloroform and ethanol extraction and then precipitated using isopropanol, followed by washing with guanidinium chloride-95% ethanol before dissolving in 1% sodium dodecyl sulfate. Protein was quantified using the bicinchoninic acid method.
Protein samples (20 g) were separated using an electrophoretic field on Novex 4-12% Tris-glycine gels at 125 V for 75-90 min. The proteins were transferred to polyvinylidene fluoride membranes with 240 mA at 4°C for 30 min. The membranes were blocked using 5% nonfat milk-Tris-buffered saline (20 mM Tris base-137 mM NaCl, pH 7.6) with 0.1% Tween 20 and incubated overnight at 4°C with primary antibodies (1:1,000-1:2,000 dilution) in PBS-0.5% BSA. The membranes were washed with 5% nonfat milk-Tris-buffered saline buffer before incubation with the respective secondary antibody at a 1:2,000 dilution (in PBS-0.5% BSA) for 30 min at room temperature. Membranes were developed using the enhanced chemiluminescence method (ECL ϩ ; Amersham) and protein bands were visualized on X-ray film. Semiquantitation of the protein was done with the use of imaging software (Scion) and the results are reported as a percentage of control.
Immunofluorescence of BBMECs. Confluent BBMECs monolayers grown on Permanox chamber slides (Fisher) were exposed to 24-h hypoxia, hypoxia with 2-h reoxygenation, or normoxic conditions before immunofluorescence staining. After treatment, culture medium was removed and monolayers were rinsed with prewarmed PBS. Cells were fixed with 3.7% formaldehyde-PBS for 10 min at room temperature (RT) and permeabilized using 1% Triton-X-PBS at RT for 10 min. After fixing and permeabilization, the monolayers were blocked with 1% BSA-PBS for 1 h at RT.
Confluent BBMEC monolayers from each treatment group (normoxia, hypoxia, and posthypoxic reoxygenation) were incubated with anti-occludin (10 g/ml), anti-claudin-1 (10 g/ml), anti-ZO-2 (5 g/ml), or anti-ZO-1 (5 g/ml) primary antibody at RT for 30 min. The cells were rinsed with 1% BSA/PBS, followed by incubation with a fluorescein-conjugated secondary antibody (4 g/ml; Alexafluor 488 in 1% BSA-PBS; Molecular Probes) for 30 min at RT in the dark.
Confluent BBMEC monolayers from each treatment group were incubated with Alexafluor 488-conjugated phalloidin, which binds specifically to actin filaments. The phalloidin stain was reconstituted with 1% BSA-PBS (5 U/ml) applied to the luminal side of each monolayer and incubated for 30 min at RT in the dark. The fluorescent-stained cells were rinsed three times with PBS before being mounted on a coverslip with 50% glycerol-PBS and sealed.
Photographs were taken with the use of a ϫ60 oil immersion objective on a Nikon TE300 fluorescent microscope with a fluorescein filter.
Data analysis. Statistical analysis of the data was done with the use of one-way analysis of variance with NewmanKeuls multirange post hoc comparison of the means (10). Table 1 shows the changes in pH, PCO 2 (mmHg), PO 2 (mmHg), and bicar- Data are means Ϯ SE; n ϭ 5. Measurements were performed in culture medium. * P Ͻ 0.05 and † P Ͻ 0.01 compared with normoxic conditions using one-way ANOVA and Newman-Keuls post hoc analysis.
RESULTS
Gas analysis of treated BBMECs.
bonate (HCO 3
Ϫ ; mmol/l) levels in the BBMEC cell culture medium. As expected, PO 2 levels dropped significantly (P value Ͻ 0.01) during the hypoxic (1% O 2 -99% N 2 ) phase with a rapid return (within 5 min) to control levels during reoxygenation. Similarly, PCO 2 levels decreased during hypoxia with a subsequent increase when O 2 was reintroduced to the system. In concert with the declining PCO 2 , the pH increased significantly in the culture medium of BBMECs treated to 24-h hypoxia. There was no change in bicarbonate (HCO 3 Ϫ ) levels in any of the treatment groups.
Cytotoxicity of hypoxia-treated BBMECs. There was no significant difference in cell viability of the BBMECs exposed to 24-h hypoxia (1% O 2 -99% N 2 ) or hypoxia with reoxygenation compared with normoxic controls using the MTT assay (112% and 100%, respectively, compared with control; Table 2 ). This indicates that the decreased PO 2 or increased pH levels were insufficient to cause cell death.
Permeability of [ 14 C]sucrose in BBMECs. Table 2 shows that, whereas there was no difference in BBMEC monolayer TEER measurements in any of the treatments (109-123 ⍀ ⅐ cm 2 ), there was a significant increase (P Ͻ 0.01) in permeability of [ 14 C] sucrose in the hypoxia-treated group compared with control BBMEC monolayers (12.57 vs. 4.80 cm/min ϫ10 Ϫ4 , respectively). Reoxygenation for 2 h attenuated the hypoxia-induced permeability increase by 58% (8.04 cm/min ϫ10 Ϫ4 ).
Western blot analysis of cytoskeletal and TJ proteins.
Alterations in expression of proteins that form TJs and cytoskeletal architecture were examined after hypoxia (24 h), hypoxia-reoxygenation (24 h/2 h), or normoxic (control) conditions. Table 3 summarizes the Western blot analyses of hypoxia and posthypoxic reoxygenated-treated BBMECs compared with controls. An increased expression (1.4-fold) of the major cytoskeletal protein (actin) occurred after hypoxia and continued to increase (2.3-fold) on reoxygenation (Fig. 2) . In contrast, hypoxia alone had little effect on the expression of TJ proteins (i.e., claudin-1, occludin, ZO-1, or ZO-2; Fig. 2 ). Whereas there was little change in claudin-1 expression, a significant increase was observed in expression of occludin, ZO-1, and ZO-2 (1.4-, 1.8-, and 1.9-fold; respectively) with posthypoxia reoxygenation.
Immunofluorescence of hypoxia-treated BBMEC monolayers. BBMEC monolayers exposed to hypoxia for 24 h showed changes in actin localization, with increased staining of the filaments and development of stress tangles (arrowheads in Fig. 3 ). More of these actin stress tangles became apparent after reoxygenation. As with the protein expression of claudin-1, little change in the distribution pattern of this protein was seen after hypoxia or posthypoxic reoxygenation. In contrast, significant disruptions were seen in localization of occludin and ZO-2 after hypoxia (arrows in Fig.  3 ). These changes were less apparent in posthypoxic reoxygenation correlating to the increased protein expression (Fig. 2) . The localization pattern of ZO-1 appears more diffuse throughout the cells after 24 h hypoxia. The distribution of ZO-1 and ZO-2 in posthypoxic reoxygenation BBMECs resembles that of control monolayers (Fig. 3) ; however, there is more intense staining at cell-to-cell contact points. Data are means Ϯ SE; n, no. of cell cultures. BBMEC, bovine brain microvessel endothelial cells; TEER, transendothelial electrial resistance. * P Ͻ 0.05 and † P Ͻ 0.01 compared with normoxic conditions; ‡ P Ͻ 0.01 compared with hypoxic conditions using one-way ANOVA and Newman-Keuls post hoc analysis. decreases with a subsequent reduction in Pa O 2 that varies depending on the severity of exposure. In fact, the severity and length of decreased O 2 available to the cerebral microvessel endothelial cells will impact the degree of brain tissue damage.
DISCUSSION
Hypoxia as an element of ischemic stroke or highaltitude exposure has been examined using both in vivo and in vitro models. In vivo models for ischemic stroke have shown decreased PO 2 values and increased PCO 2 with corresponding decrease in pH (41, 47) , whereas models for high-altitude hypoxia have shown decreased PO 2 and PCO 2 with a rise in pH (6, 51) . Typically, O 2 concentrations in the range of 6-12% have been used to study hypoxic effects in vivo with PO 2 values of 35-47 mmHg (16, 25, 50) . In Wistar rats, a combination of middle cerebral artery occlusion and hypoxia (Pa O 2 of 47 mmHg) resulted in increased brain tissue damage compared with controls (50) .
Although middle cerebral artery occlusion provides a model for examining tissue damage (primarily neuronal) that occurs during focal ischemia, there is no documentation of PO 2 values for the injury site. Furthermore, it does not allow for examination of paracellular permeability changes across the capillary endothelium nor protein localization changes that may occur during a hypoxic insult. Such changes are best examined with in vitro cell culture models. A variety of approaches for inducing a hypoxic environment have been used in peripheral and cerebral cell culture models, including O 2 chelating agents (gas-paks) and anaerobic chambers infused with various gas mixtures (100% N 2 , 95% N 2 -5% CO 2 , or a mix of 85% N 2 -10% H 2 -5% CO 2 ) to maintain an anoxic or hypoxic environment for periods ranging from 20 min to 72 h. To date, few studies have reported PO 2 , PCO 2 , and pH values from cell culture models of hypoxic insult (3, 54, 56, 60) . In rat mesangial cells, Archer et al. (3) examined the effects of graded hypoxia on inducible nitric oxide (NO) synthase function using atmospheric O 2 levels of 0, 2.5, 10, and 21%, resulting in culture medium PO 2 levels of 32, 46, 85, and 140 mmHg, respectively (3).
The current study used primary BBMECs as an in vitro BBB model to investigate paracellular permeability changes induced by hypoxia and posthypoxic reoxygenation. Changes in expression and localization of cytoskeletal and TJ proteins were also examined under the same conditions. Whereas the benefits of astrocyte coculture conditions (astrocyte, glial cells, or conditioned media) have been debated, BBMECs alone were used in this study for three reasons. First, this model allows direct assessment of hypoxia-reoxygenation effects in cerebral microvascular endothelial cells without confounding their response by variations in astrocyte culturing techniques. Second, this allows a consistent model for evaluating the functional and molecular changes in brain microvessel endothelial cells (permeability, protein expression, and protein localization). Third, immunocytochemistry observations are best when the cells are grown on slides, which do not allow ablumenal access where astrocytes would exert their influence.
The current study used a decreased O 2 level to simulate the reduced oxygen available to cerebral microvessel endothelial cells during hypoxic insults such as ischemic stroke or high-altitude exposure. The moderate hypoxic conditions (1% Ϯ 0.5% O 2 throughout the experiment) resulted in cell culture medium PO 2 measurements of 47 Ϯ 7 mmHg compared with normoxic controls of 139 Ϯ 2 mmHg. These PO 2 values are in agreement with the PO 2 values used in both in vivo and in vitro studies of hypoxic exposure (2, 3, 50) . Although the PCO 2 declined with a subsequent increase in pH, there was no change in HCO 3 Ϫ levels (Table 1 ). In a related study, BBMECs exposed to 1% O 2 -94% N 2 -5% Fig. 2 . Hypoxia-reoxygenation effects on protein expression of bovine brain microvessel endothelial cells (BBMECs). Confluent monolayers were exposed to normoxia (C), 24-h hypoxia (H) or hypoxia with 2-h reoxygenation (HR). Representative Western blots for actin (42 kDa), claudin-1 (44 kDa dimer), occludin (65 kDa), ZO-1 (220 kDa), and ZO-2 (160 kDa) are shown (n ϭ 4). CO 2 had a mean pH value of 7.12, PCO 2 of 33 mmHg, and PO 2 value of 55 mmHg with similar permeability results (data not shown). Changes in pH, PCO 2 , and PO 2 did not affect cell viability as demonstrated by the MTT cytotoxicity assay.
Whereas TEER measurements showed little change under the conditions in this study, radiolabeled sucrose (346 mol wt) proved to be a more sensitive marker for measuring changes in paracellular permeability (Table  2) . Differences in permeability of [ 14 C]sucrose were observed in hypoxia-treated BBMEC monolayers compared with normoxic (controls) and posthypoxic reoxygenated monolayers. BBMEC monolayers exposed to hypoxia for 24 h showed a significant (2.6-fold) increase in [
14 C]sucrose permeability compared with control monolayers. These findings are consistent with previous reports (1, 19, 23) showing increased permeability in brain capillary endothelial cells treated with hypoxia for periods ranging from 2 to 48 h. Permeability changes shown in the current study correlate with alterations in TJ proteins and actin, as shown in Fig. 1 . Increased expression of actin and the emergence of stress fiber tangles seen in Fig. 3 correlate with increased paracellular permeability suggesting hypoxia-induced alterations in cell morphology. This is supported by previous studies showing alterations in the cytoskeleton of 4 h hypoxia-treated bovine aortic endothelial cells (12) and actin filament rearrangement in brain endothelial cells after hypoxia for 24-48 h (53). This change in cell morphology and Fig. 3 . Immunofluorescence showing protein localization in BBMECs. Confluent monolayers were exposed to normoxic (Control), 24-h hypoxia (Hypoxic), or hypoxia with 2-h reoxygenation (Reoxygenated) conditions. After treatment, the monolayers were incubated with primary antibodies directed against actin, claudin-1, occludin, ZO-1, and ZO-2, followed by Alexafluor 488-conjugated secondary antibodies. Representative pictures for each treatment group and protein are shown (n ϭ 3). Arrowheads, actin stress tangles; arrows, disruptions in the expression of occludin and ZO-2. *Increased cytosolic staining of ZO-1 and ZO-2.
increased paracellular permeability suggests disruptions at TJ protein complexes.
Although no significant changes in protein expression of TJ proteins (claudin, occludin, ZO-1, and ZO-2) were observed in BBMECs after a 24-h hypoxic insult, there were changes in protein localization that correlate with functional changes (i.e., increased permeability) seen in this study. Claudin-1, which is considered the critical protein in forming TJ complexes, is embedded in the plasma membrane with short cytoplasmic sections that bind to occludin. Whereas the protein is important to the TJ complex, previous studies (11, 22, 67) examining claudin-1 have shown variations in immunofluorescence patterns of claudin-1 protein including staining at cell boundaries and diffuse punctate distribution. In this study, little change in the protein expression or localization pattern of claudin-1 was observed with hypoxia or posthypoxic reoxygenation compared with normoxic controls (Figs. 2 and 3) .
Occludin, another integral TJ protein, has two extracellular loops and long intracellular NH 2 -terminal and COOH-terminal regions suggesting that it connects claudins with TJ accessory proteins (i.e, ZO-1 and ZO-2) and the plasma membranes of adjacent cells. Figure 3 shows that under normoxic conditions, occludin has a continuous distribution pattern at the cell boundaries. Similarly, staining of the TJ accessory proteins ZO-1 and ZO-2 were localized along the plasma membrane at cell-to-cell contacts under control conditions. Exposure to hypoxia resulted in perturbations of the plasma membrane pattern of occludin and ZO-2 proteins compared with controls. In addition, both ZO-1 and ZO-2 show a diffuse pattern throughout hypoxic-treated BBMECs with discontinuous staining at the cell borders compared with control monolayers (Fig. 3) . This is supported by other studies examining the hypoxic effects on localization of ZO-1 in BMECs (20) . These disruptions in TJ proteins at cell-to-cell contact sites correlate with increased paracellular permeability and changes seen in actin distribution patterns (i.e., stress tangles). Together, these results indicate that hypoxic insult to brain endothelial cells induces restructuring of the TJ and cytoarchitecture (i.e., changes in protein localization) that correlate with observed functional changes (i.e., increased paracellular permeability) with little change in protein expression. This exposure to a hypoxic environment may trigger relocation of some TJ proteins from the plasma membrane to the cytoplasm. It is well known that protein phosphorylation regulation is a means of intracellular signaling, as cells use phosphorylation of enzymes and proteins to regulate cellular functions (protein degradation and enzyme activation) (58, 63) . The possibility of TJ proteins relocating to the cytoplasm may be due to changes in phosphorylation states that occur with changes in phosphatase or kinase activity. The examination of the phosphorylation states of these TJ and cytoskeletal proteins during hypoxic insult will clarify whether this cellular mechanism is involved in protein localization and BBB permeability changes.
Whereas this study and others have shown perturbations of BBB permeability in various ischemiahypoxia models (1, 19, 23, 52) , others (12, 32, 42) have also reported increased paracellular permeability and disruptions in actin during posthypoxic reoxygenation. The present study showed that reoxygenation attenuated the hypoxia-induced increase in permeability by 58% (Table 2 ). This recovery with reoxygenation correlates with changes in protein expression and localization of actin and TJ proteins. Increasing TJ protein synthesis to enhance weakened cell-to-cell contacts may be an endothelial cell response to cytoarchitectural alterations and increased paracellular permeability. Whereas a modest rise (1.4-fold) in expression of actin protein was seen after hypoxic insult, these cells showed a 2.3-fold increase in protein expression with 2-h posthypoxic reoxygenation compared with normoxic monolayers. This increase in protein expression coincides with an increased number of stress fiber tangles (Fig. 3 ) and a reduction in permeability. Although no change in actin expression was observed with hypoxic exposure of bovine aortic endothelial cells, a 50% increase in expression was seen with posthypoxic reoxygenation (12) . Because actin is the primary protein forming the cytoskeletal structure, these increases in actin protein and stress tangles may provide additional scaffolding for TJ proteins to reinforce cell-to-cell contacts that become weakened by hypoxic insult. Whereas studies (21, 29, 49) have demonstrated that claudin is vital to forming the tight junction seal, this study shows little change in protein expression or localization of claudin-1 after hypoxia or posthypoxic reoxygenation. This suggests that claudin is not involved in the hypoxia-induced paracellular permeability changes. In contrast, the increased expression of occludin, ZO-1, and ZO-2 after reoxygenation indicates alterations of TJ complexes and their connection to the cytoarchitecture during the reoxygenation stage of an ischemic event. This is further supported by the distribution patterns seen in these TJ proteins after a hypoxic insult when gaps are apparent and during posthypoxic reoxygenation when smaller and fewer gaps are seen. In addition, increased expression of the TJ proteins and actin with posthypoxic reoxygenation correlates well with a reduction in paracellular permeability of BBMEC monolayers compared with monolayers treated to hypoxia alone (Table 2 ). This suggests that O 2 reintroduced to the system stimulates cellular mechanisms to reinforce cell-to-cell contact (TJ complexes), resulting in attenuation of paracellular permeability induced during hypoxic insult. Whether a sufficient reoxygenation period can induce cellular changes to reduce paracellular permeability to control levels requires further investigation.
The results from this study demonstrate that cerebral microvessel endothelial cells undergo molecular and functional changes during times of hypoxic-reperfusion stress, but the cellular signaling systems that connect the stress to these changes are not well characterized. In recent reviews by del Zoppo et al. (14) and Stanimirovic et al. (59) , various mediators, including the proinflammatory cytokines tumor necrosis factor (TNF)-␣ and interleukin (IL)-1␤, NO, and prostaglandins, are discussed in relation to their involvement with disruptions in BBB integrity during ischemic stroke. Sharkey et al. (56) showed an increased expression of the angiogenic cytokine vascular endothelial growth factor in endometrial cells exposed to decreased O 2 . In addition, hypoxia-induced increases in permeability of porcine brain endothelial cells have been correlated to such a rise in vascular endothelial growth factor (19) . Temporal expression of cytokines (TNF-␣, IL-6, and transforming growth factor-␤) has been reported in focal ischemic model of stroke (30) . In addition to release of these cytokines, the loss of O 2 has also been shown to increase intracellular calcium levels, decrease levels of ATP, and the release of excitatory amino acids and NO (35, 38, 46) . Abbruscato et al. (1) showed that calcium channel inhibitors (nifedipine and SKF-96365) prevented increased permeability induced by hypoxia-aglycemia (1). Posthypoxic reoxygenation has been shown to decrease the influx of calcium in bovine brain endothelial cells (34) . This suggests that the recovery in permeability seen in the present study may be due to calcium mobilization by the endothelial cells. NO has been shown to increase permeability in cerebral microvasculature (45) . Because NO is produced constitutively by calcium-dependent endothelial NO synthase and by calcium-independent inducible NO synthase, alterations in calcium levels may impact NO formation and other calcium-dependent cellular mechanisms (i.e., kinase activation). Decreased levels of ATP during hypoxic exposure have also been associated with increased permeability and actin rearrangement in brain endothelial cells (53) . Changes in ATP levels are likely to impact phosphorylation states of cellular proteins. Whereas some proteins such as occludin are phosphorylated and tagged for degradation, phosphorylation is also a form of intracellular signaling (9, 57, 64) . Recent studies (9, 57, 63, 64) have shown a correlation between increased phosphorylation of TJ proteins (ZO-1, ZO-2, and occludin) and increased permeability in both kidney and brain cell culture models. Indeed, it has been suggested that changes in phosphorylation of these cellular proteins is responsible for perturbations in cell-to-cell adhesion (40, 63) . Whereas a 2.3-fold increase in tyrosine phosphorylation was seen in aortic endothelial cells exposed to 4-h hypoxia with 30-s posthypoxic reoxygenation (12), it is not clear which proteins are phosphorylated. Therefore, further work is required to determine which of these intracellular signaling systems connect the hypoxic insult and subsequent reoxygenation with the molecular and functional alterations demonstrated in the present study.
In summary, we report that hypoxia induces increased paracellular permeability that is significantly reduced on reoxygenation and these functional changes are associated with alterations in actin and TJ protein distribution. Whereas hypoxia-induced alterations in ZO-1 have been demonstrated previously (20) , this is the first report examining the effects of hypoxia and posthypoxic reoxygenation on protein expression and localization of actin and TJ proteins in the cerebral microvasculature. Understanding cellular mechanisms induced by hypoxia and posthypoxic reoxygenation that alter BBB permeability will contribute to developing pharmacotherapies for treatment or prevention of decreased O 2 conditions as seen with high-altitude exposure and ischemic stroke.
